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MEASURES OF CARDIAC CONTRACTILITY
VARIABILITY DURING ISCHEMIA

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application Nos. 61/171,636, filed on Apr. 22, 2009; 61/257,

904, filed on Nov. 4, 2009: and 61/257,910, filed on Nov. 4,
2009, under 35 U.S.C. §119(e), which are hereby incorpo-
rated by reference 1n their entirety.

BACKGROUND

The heart 1s the center of a person’s circulatory system. It
includes an electro-mechanical system performing two major
pumping functions. The left portions of the heart draw oxy-
genated blood from the lungs and pump it to the organs of the
body to provide oxygen. The right portions of the heart draw
deoxygenated blood from the organs and pump it to the lungs
where the blood i1s oxygenated. These pumping functions
result from contractions of the myocardium, or heart muscle.
In a normal heart, the sinoatrial node, the heart’s natural
pacemaker, generates electrical impulses that propagate
through an electrical conduction system to various regions of
the heart and excite the myocardial tissues of these regions. In
a normal electrical conduction system, coordinated delays 1n
the propagations of the electrical impulses cause the various
portions of the heart to contract in synchrony to provide
elficient pumping functions. A blocked or otherwise abnor-
mal electrical conduction and/or deteriorated myocardial tis-
sue can cause dysynchronous contraction of the heart. The
dysynchrony can be characterized as an arrhythmia, which
can further be characterized as bradycardias, tachycardias,
automaticity, re-entry arrhythmias, and fibrillation, among
others. The existence of an arrhythmia can result 1n poor
hemodynamic performance and diminished blood supply.

Ischemia 1s a condition where a portion of a body 1s
deprived of adequate oxygen and metabolite removal due to
an interruption 1 blood supply caused by an occlusion of a
blood vessel. One example of ischemia 1s cardiac 1schemia. It
tollows then that cardiac 1schemuia 1s a condition 1n which the
myocardium 1s deprived of adequate oxygen and metabolite
removal due to an interruption in blood supply, such as result-
ing from an occlusion of a coronary artery.

Myocardial infarction (MI) 1s the necrosis of portions of
the myocardial tissue resulted from cardiac 1schemia. The
necrotic tissue, known as infarcted tissue, loses the contractile
properties of the normal, healthy myocardial tissue. Conse-
quently, the overall contractility of the myocardium 1s weak-
ened, resulting 1n an 1mpaired hemodynamic performance.
Following an MI, cardiac remodeling starts with expansion of
the region of infarcted tissue and progresses to a chronic,
global expansion in the size and change 1n the shape of the
entire left ventricle. The consequences include a further
impaired hemodynamic performance and a significantly

increased risk of developing heart failure, as well as a risk of
sulfering recurrent MI.

OVERVIEW

The present inventors have recognized, among other
things, that early detection and diagnosis of patient conditions
that precede or coincide with arrhythmias, cardiac 1schemua,
myocardial infarction, and other cardiac indications 1s impor-
tant.
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Example 1 describes a system comprising a machine-read-
able media. The machine-readable media can include mstruc-
tions, which when executed by the one or more processors,
cause the one or more processors to obtain a measure of
cardiac contractility. From the measure of cardiac contractil-
ity, a cardiac contractility variability can be determined. Then
the cardiac contractility variability can be analyzed to provide
an indication of cardio-vasculature health.

In Example 2, the system of Example 1 can be optionally
configured to obtain ameasure of atleast one of a heart sound,
a pulmonary artery pressure, a coronary venous pressure, a
left ventricular pressure, a right ventricular pressure, or a
timing interval to provide the measure of cardiac contractility.

In Example 3, the systems of Example 1 or 2 can be
optionally configured such that the instructions to determine
the cardiac contractility variability comprise instructions to
use a time domain variability parameter to measure cardiac
contractility variabaility.

In Example 4, the systems of any one or more of Examples
1-3 can be optionally configured such that the mstructions to
determine the cardiac contractility variability comprise
istructions to use a frequency domain variability parameter
to measure cardiac contractility variability.

In Example 3, the systems of any one or more of Examples
1-4 can be optionally configured such that the instructions to
determine the cardiac contractility variability comprise
instructions to use a time-frequency domain varability
parameter to measure cardiac contractility variability.

In Example 6, the systems of any one or more of Examples
1-5 can be optionally configured such that the mstructions to
determine the cardiac contractility variability comprise
instructions to use a nonlinear variability parameter to mea-
sure cardiac contractility variability.

In Example 7, the systems of any one or more of Examples
1-6 can be optionally configured such that the instructions to
use the parameter from the class of nonlinear variability
parameters comprise istructions to measure an approximate
entropy (ApEn) of an S1 amplitude.

In Example 8, the systems of any one or more of Examples
1-7 can be optionally configured such that the instructions to
determine the cardiac contractility variability 1s performed
using a time period to provide a variability measurement and
the istructions to analyze the cardiac contractility variability
comprise mstructions to trend the variability measurement to
provide a trended variability measurement. The one or more
processors can then compare the trended variability measure-
ment to a threshold value to provide a comparison. Using the
comparison, the one or more processors detect a cardiac state.

In Example 9, the systems of any one or more of Examples
1-8 can be optionally configured such that the time period 1s
an epoch having a duration of thirty seconds to twenty-four
hours.

In Example 10, the systems of any one or more of
Examples 1-9 can be optionally configured comprising
instructions, which when executed by the one or more pro-
cessors, cause the one or more processors to after determining
the cardiac contractility variability, adjust at least one of: a
CRT timing parameter or an electrical position. The one or
more processors can then measure the contractility variability

alter the adjusting and continue to adjust 1n a closed-loop
teedback manner to increase the cardiac contractility vari-
ability.

In Example 11, the systems of any one or more of
Examples 1-10 can be optionally configured comprising
instructions, which when executed by the one or more pro-




US 8,951,203 B2

3

cessors, cause the one or more processors to normalize the
cardiac contractility vanability by the measure of cardiac
contractility.

In Example 12, the systems of any one or more of
Examples 1-11 can be optionally configured comprising 5
instructions, which when executed by the one or more pro-
cessors, cause the one or more processors to normalize the
cardiac contractility variability by an associated heart rate.

Example 13 describes a method comprising obtaining a
measure ol cardiac contractility; determining a cardiac con-
tractility variability from the measure of cardiac contractility;
and analyzing the cardiac contractility variability to provide
an indication of cardio-vasculature health.

In Example 14, the method of Example 13 can be option-
ally performed such that obtaining the measure of cardiac
contractility comprises obtaining a measure of at least one of
a heart sound, a pulmonary artery pressure, a coronary venous
pressure, a left ventricular pressure, a right ventricular pres-
sure, or a timing interval to provide the measure of cardiac
contractility.

In Example 15, the methods of Examples 13 or 14 can be
optionally performed such that determiming the cardiac con-
tractility variability comprises using a time domain variabil-
ity parameter to measure cardiac contractility variability.

In Example 16, the methods of any one or more of
Examples 13-15 can be optionally performed such that deter-
mimng the cardiac contractility variability comprises using a
frequency domain variability parameter to measure cardiac
contractility variability.

In Example 17, the methods of any one or more of
Examples 13-16 can be optionally performed such that deter-
mimng the cardiac contractility variability comprises using a
time-Trequency domain variability parameter to measure car-
diac contractility variabaility.

In Example 18, the methods of any one or more of
Examples 13-17 can be optionally performed such that deter-
mimng the cardiac contractility variability comprises using a
nonlinear variability parameter to measure cardiac contrac-
tility vanability.

In Example 19, the methods of any one or more of
Examples 13-18 can be optionally performed such that using
the parameter from the class of nonlinear variability param-
eters comprises measuring an approximate entropy (ApEn) of
an S1 amplitude.

In Example 20, the methods of any one or more of 45
Examples 13-19 can be optionally performed such that deter-
mimng the cardiac contractility variability 1s performed using,
a time period to provide a variability measurement and ana-
lyzing the cardiac contractility variability comprises trending
the variability measurement to provide a trended variability
measurement; comparing the trended variability measure-
ment to a threshold value to provide a comparison; and using,
the comparison to detect a cardiac state.

In Example 21, the methods of any one or more of
Examples 13-20 can be optionally performed such that the 55
time period 1s an epoch having a duration of thirty seconds to
twenty-four hours.

In Example 22, the methods of any one or more of
Examples 13-21 can be optionally performed further com-
prising after determiming the cardiac contractility variability, 60
adjusting at least one of: a CRT timing parameter, a lead
position, or an electrical position; measuring the contractility
variability after the adjusting; and continuing adjusting in a
closed-loop feedback manner to increase the cardiac contrac-
tility vanability.

In Example 23, the methods of any one or more of
Examples 13-22 can be optionally performed further com-
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4

prising normalizing the cardiac contractility variability by the
measure of cardiac contractility.

In Example 24, the methods of any one or more of
Examples 13-23 can be optionally performed further com-
prising normalizing the cardiac contractility variability by an
associated heart rate.

Example 25 describe an apparatus comprising a memory
device and a sensor device coupled to the memory device, the
sensor configured to sense a plurality of indications of a
plurality of cardiac cycles, and to store the plurality of 1ndi-
cations of the plurality of cardiac cycles in the memory
device. The apparatus includes means for obtaining a mea-
sure of cardiac contractility using the plurality of indications
of the plurality of cardiac cycles. The apparatus also includes
means for determining a cardiac contractility variability from
the measure of cardiac contractility and means for analyzing
the cardiac contractility variability to provide an indication of
cardio-vasculature health.

This overview 1s intended to provide an overview of subject
matter of the present patent application. It 1s not intended to
provide an exclusive or exhaustive explanation. The Detailed
Description 1s included to provide further information about
the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale,
like numerals may describe similar components 1n different
views. Like numerals having different letter suifixes may
represent different mstances of similar components. Some
embodiments are illustrated by way of example, and not
limitation, in the figures of the accompanying drawings in
which:

FIG. 1 illustrates portions of a system that enables physi-
clan-patient communication;

FIG. 2 1s a schematic diagram illustrating an implanted
medical device (IMD) system:;

FIG. 3 1s a block diagram 1illustrating an implantable medi-
cal device (IMD);

FIG. 4 1s a group of graphs 1llustrating the max dP/dT, RR
interval, and S1 amplitude along with the two non-linear
variability metrics of RR 1nterval and S1 amplitude;

FIG. 5 1s a group of scatterplots that illustrate an example
of the relationships between changes 1n selected HRV metrics
and changes 1n max dP/dT;

FIG. 6 1s a table illustrating relationships between RR
interval-based variability metrics, contractility variability
metrics, and max dP/dT;

FIG. 7 1s a group of scatterplots that illustrate an example
of the relationships between changes 1n selected S1 variabil-
ity metrics and changes 1n max dP/dT;

FIG. 8 1s a flow chart illustrating a method for producing an
indication of cardio-vasculature health;

FI1G. 9 1s a flow chart illustrating a method for managing a
patient device; and

FIG. 10 1s a block diagram 1llustrating a machine in the
example form of a computer system, within which a set or
sequence ol structions for causing the machine to perform
any one of the methodologies discussed herein may be
executed, according to various embodiments.

DETAILED DESCRIPTION

The examples described herein include systems and meth-
ods for measuring and using the measures of cardiac contrac-
tility variability. Cardiac contractility 1s generally understood
as the degree to which muscle fibres can shorten when acti-
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vated by a stimulus independent of preload and afterload.
Contractility can be used as a measure of myocardial perfor-

mance. A measure ol myocardial contractility can be obtained
in different ways, such as by using an ejection fraction, a rate
of pressure change during ventricular contraction, coronary
venous or artery pressures, or surrogates of such measure-
ments.

In a chronic heart failure (CHF) patient, contractility can
change over time. While recording and trending contractility
over time can provide some prognostic and diagnostic value,
the variability of contractility can be used to provide addi-
tional insight into a patient’s ongoing condition. Hence, 1n a
way analogous to heart rate and heart rate variability, the
variability of contractility during a particular period of time
can provide different information than just comparing the
contractility at the beginning and end of the same period.
Similarly, trending the variability of contractility can provide
different information than trending contractility at discrete
points 1n time. The following discusses various systems and

methods to calculate and use cardiac contractility variability
(CCV) measures.

System Overview

FI1G. 1 illustrates portions of a system that enables physi-
clan-patient communication. In the example of FIG. 1, a
patient 100 can be provided with an ambulatory or implant-
able medical device (IMD) 102. Examples of implantable
medical devices include a pacemaker, an implantable cardio-
verter defibrillator (ICD), a cardiac resynchronization
therapy pacemaker (CRI-P), a cardiac resynchronization
therapy defibrillator (CR1-D), a pulmonary artery (PA) pres-
sure sensor, a neurostimulation device, a deep brain stimula-
tion device, a cochlear implant or a retinal implant. In some
examples, the IMD 102 can be capable of sensing physiologi-
cal data, dertving physiological measures/correlations, and
storing data for later communication or reference. Examples
of physiological data include implantable electrograms, sur-
face electrocardiograms, heart rate intervals (e.g., AA, VV,
AV or VA 1ntervals), electrogram templates such as for tach-
yarrhythmia discrimination, pressure (e.g., intracardiac or
systemiCc pressure), oxygen saturation, activity, heart rate
variability, heart sounds, impedance, respiration, intrinsic
depolarization amplitude, or the like. While only one IMD
102 1s 1llustrated 1n FIG. 1, 1t 1s understood that more than one
IMD 102 may be implanted. For example, medical devices
that have specific functions can be placed 1n accordance with
their function. In addition, the IMD 102 can be composed of
more than one device, with each device having one or more
functions.

The IMD 102 can be capable of bidirectional communica-
tion using a connection 104 with a computing device 106. A
computing device can be a device capable of recerving input,
processing 1instructions, storing data, presenting data in a
human-readable form, and communicating with other
devices. In some cases, a computing device can be referred to
as a “transcerver.” The IMD 102 recerves commands from the
computing device 106 and can also communicate one or more
patient indications to the computing device 106. Examples of
patient indications include sensed or derived measurements
such as heart rate, heart rate variability, data related to tach-
yarrhythmia episodes, hemodynamic stability, activity,
therapy history, autonomic balance motor trends, electrogram
templates for tachy discrimination, heart rate variability
trends or templates, or trends, templates, or abstractions
derived from sensed physiological data. Patient indications
include one or more physiological indications, such as the
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physiological data described above. The IMD 102 can also
communicate one or more device indications to the comput-
ing device 106. Examples of device indications include lead/
shock 1mpedance, pacing amplitudes, pacing thresholds, or
other device metrics. In certain examples, the IMD 102 can
communicate sensed physiological signal data to the comput-
ing device 106, which can then communicate the signal data
to a remote device for processing.

Typically, the computing device 106 can be located in close
proximity to the patient 100. The computing device 106 can
be attached, coupled, integrated or incorporated with a per-
sonal computer or a specialized device, such as a medical
device programmer. In an example, the computing device 106
can be a hand-held device. In examples, the computing device
106 can be a specialized device or a personal computer. In an
example, the computing device 106 can be adapted to com-
municate with a remote server system 108. The communica-
tion link between the computing device 106 and the remote
server system 108 can be made through a computer or tele-
communications network 110. The network 110 can include,
in various examples, one or more wired or wireless network-
ing such as the Internet, satellite telemetry, cellular telemetry,
microwave telemetry, or other long-range communication
networks.

In an example, one or more ambulatory or non-ambulatory
external sensors 112 can be adapted to communicate with the
computing device 106 or the remote server system 108 and
can transmit and receive information, such as sensed data.
External sensors 112 can be used to measure patient physi-
ological data, such as temperature (e.g., a thermometer),
blood pressure (e.g., a sphygmomanometer), blood charac-
teristics (e.g., glucose level), body weight, physical strength,
mental acuity, diet, or heart characteristics. An external sen-
sor 112 can also include one or more environmental sensors.
The external sensors 112 can be placed 1n a vaniety of geo-
graphic locations (in close proximity to patient or distributed
throughout a population) and can record non-patient specific
characteristics such as, for example, temperature, air quality,
humidity, carbon monoxide level, oxygen level, barometric
pressure, light intensity, and sound.

External sensors 112 can also include devices that measure
subjective data from the patient. Subjective data includes
information related to a patient’s feelings, perceptions, and/or
opinions, as opposed to objective physiological data. For
example, the “subjective” devices can measure patient
responses to inquiries such as “How do you feel?”, “How 1s
your pain?” and “Does this taste good?” Such a device can
also be adapted to present interrogatory questions related to
observational data, such as “What color 1s the sky?” or “Is 1t
sunny outside?”” The device can prompt the patient and record
responsive data from the patient using visual and/or audible
cues. For example, the patient can press coded response but-
tons or type an appropriate response on a keypad. Alterna-
tively, responsive data can be collected by allowing the
patient to speak into a microphone and using speech recog-
nition software to process the response.

In some examples, the remote server system 108 comprises
one or more computers, such as a database server 114, a
messaging server 116, a file server 118, an application server
120 and a web server 122. The database server 114 can be
configured to provide database services to clients, which can
be other servers in the remote server system 108. The mes-
saging server 116 can be configured to provide a communi-
cation platform for users of the remote server system 108. For
example, the messaging server 116 can provide an email
communication platform. Other types of messaging, such as
short message service (SMS), instant messaging, or paging,
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services can be used. The file server 118 can be used to store
documents, 1mages, and other files for the web server 122 or
as a general document repository. The application server 120
can provide one or more applications to the web server 122 or
provide client-server applications to the client terminals 126.
To enable some of these services provided by these servers
114,116,118,120, and 112, theremote server system 108 can
include an operations database 124. The operations database
124 can be used for various functions and can be composed of
one or more logically or physically distinct databases. The
operations database 124 can be used to store clinician data for
individual patients, patient populations, patient trials, and the
like. In addition, the operations database 124 can be used to
store patient data for individual patients, patient populations,
patient trials, and the like. For example, the operations data-
base 124 can include a copy of, a portion of, a summary of, or
other data from an electronic medical records system. In
addition, the operations database 124 can store device infor-
mation, such as device settings for a particular patient or a
group ol patients, preferred device settings for a particular
clinician or a group of clinicians, device manufacturer infor-
mation, and the like. In addition, the operations database 124
can be used to store raw, mtermediate, or summary data of
patient indications along with probabilistic outcomes (e.g., a
patient population profile and a corresponding 1-year survival
curve).

In an example, one or more client terminals 126 can be
locally or remotely connected to the remote server system 108
via network 110. The client terminals 112 can be communi-
catively coupled to the remote server system 108 using a
connection 128, which can be wired or wireless 1n various
examples. Examples of client terminals 126 can include per-
sonal computers, dedicated terminal consoles, handheld
devices (e.g., a personal digital assistant (PDA) or cellular
telephone), or other specialized devices (e.g., a kiosk). In
various examples, one or more users can use a client terminal
126 to access the remote server system 108. For example, a
customer service professional can use a client terminal 126 to
access records stored in the remote server system 108 to
update patient records. As another example, a physician or
clinician can use a client terminal 126 to receive or provide
patient-related data, such as comments regarding a patient
visit, physiological data from a test or collected by a sensor or
monitor, therapy history (e.g., IMD shock or pacing therapy),
or other physician observations.

In some examples, the IMD 102 can be adapted to store
patient data and to use the data to provide tailored therapy. For
example, using historical physiological data, an IMD 102 can
be able to discriminate between lethal and non-lethal heart
rhythms and deliver an appropriate therapy. However, 1t can
be desirable to establish a proper baseline of historical data by
collecting a sufficient amount of data in the IMD 102. In some
examples, a “learning period” of some time (e.g., thirty days)
can be used to establish the baseline for one or more physi-
ological signals. An IMD 102 can, in an example, store a
moving window of data of operation, such as a time period
equal to the learning period, and can use the information as a
baseline indication of the patient’s biorhythms or biological
events.

Once the baseline 1s established, then acute and chronic
patient conditions can be determined probabilistically. The
baseline can be established by using historical patient records
or by comparing a patient to a population of patients. In an
example, a diagnostic technique uses a patient-based baseline
to detect a change 1 a patient’s condition over time.
Examples of a diagnostic technique that uses a patient-de-
rived baseline are described in the next section.
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In an example, patient diagnostics can be automatically
collected and stored by the IMD 102. These values can be
based on the patient’s heart rate or physical activity over a
time period (e.g., 24-hour period) and each diagnostic param-
cter can be saved as a function of the time period. In one
example, heart-rate based diagnostics utilize only normal
intrinsic beats. For heart rate variability (HRV) patient diag-
nostics, the average heart rate can be found at each interval
within the time period, for example, at each of the 288 five-
minute itervals occurring during 24 hours. From these inter-
val values, the minimum heart rate (MinHR), average heart
rate (AvgHR), maximum heart rate (MaxHR) and standard
deviation of average normal-to-normal (SDANN) values can
be calculated and stored. In one example, the IMD 102 com-
putes a HRV FOOTPRINT® patient diagnostic that can
include a 2-dimensional histogram that counts the number of
daily heartbeats occurring at each combination of heart rate
(1interval between consecutive beats) and beat-to-beat vari-
ability (absolute difference between consecutive intervals).
Each histogram bin contains the daily total for that combina-
tion. The percentage of histogram bins containing one or
more counts can be saved each day as the footprint percent
(Footprint %). The IMD 102 can also provide an ACTIVITY
LOG® patient diagnostic (Activity %), which can include a
general measure of patient activity and can be reported as the
percentage of each time period during which the device-based
accelerometer signal 1s above a threshold value.

In other examples, HRV can be calculated using one or
more time, frequency, time-{requency, or nonlinear measure-
ments, either alone or in combination. Twenty-three variabil-
ity parameters that can be used 1n this type of calculation
include eleven time domain metrics: mean, median, standard
deviation of normal-to-normal beats (SDNN), inter-quartile
range ol normal-to-normal beats (IQRNN), coelficient of
variation (CV), standard deviation of successive differences
(SDSD), inter-quartile range of successive differences
(IQRSD), normalized IQRSD (NIQRSD), root-mean-square
of successive differences (RMSSD), coetlicient of variation
for successive differences (CVS) and percentage of differ-
ences between adjacent normal-to-normal intervals that are
>50 msec (pNN50); four frequency domain metrics: power 1n
the high- and low-frequency range (HF, LF), power ratio
(LE/HF), and total power; three time-frequency metrics:
high- and low-frequency wavelet power (HFW, LFW) and
power ratio (LFW/HFW); and five nonlinear metrics:
approximate entropy (ApEn), X-Y scatter from Poincare plot
(S1gXY), fractal dimension (FD), and detrended fluctuation
analysis (DFA1 and DFA?2). Vaniability parameters associated
with the five nonlinear metrics, 1n addition to other metrics
that are not one of the time, frequency, or time-1requency type
of metrics, can be referred to generally as *““class of nonlinear
metrics.” Thus, when referring to a class of nonlinear metrics,
for the purposes of this discussion, such reference will be
understood to be including the five known nonlinear metrics
and any other heart rate variability metrics that are later rec-
ognized as being nonlinear metrics (1.e., metrics that are not
classified as being time, frequency, or time-frequency met-
I1cs).

FIG. 2 1s a schematic diagram illustrating an implanted
medical device (IMD) system 200. The IMD system 200
includes an IMD 202 coupled to a lead system 204 deployed
within a heart 206. The lead system 206 can be designed for
implantation in a coronary vein for purposes of cardiac resyn-
chronization therapy (CRT). The lead system 206 can be
coupled to the IMD 202, which includes a detection/energy
delivery system 208 that actively measures and controls the
lead system 206 to provide cardiac pacing therapy.
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The detector/energy delivery system 208 typically includes
a power supply and programmable circuit (e.g., microproces-
sor) coupled to an analog to digital (A-D) converter (not
shown). Various lead system devices, such as electrodes and
pressure sensors, can interface to the A-D converter for sens-
ing/data collection. Alternatively, analog conditioning (e.g.,
filtering) can be applied to sensor signals before interfacing
with the A-D converter. The detector/energy delivery system
208 also utilizes an energy delivery system (not shown). The
energy delivery system can include charge capacitors and
signal conditioning circuitry. The energy system can interface
to the programmable circuit through a D-A converter. Com-
ponents and functionality of the detector/energy delivery sys-
tem 208 will be further described below with reference to
FIG. 3.

The IMD system 200 can be used to implement methods
for therapy control based on electromechanical timing. The
IMD 202 can be clectrically and physically coupled to the
lead system 204. The housing and/or header of the IMD 202
can 1ncorporate one or more electrodes 220 and 222 used to
provide electrical stimulation energy to the heart 206 and to
sense cardiac electrical activity. The IMD 202 can utilize all
or a portion of the IMD housing as a can electrode 222. The
IMD 202 can include an inditferent electrode 220 positioned,
tor example, on the header or the housing of the IMD 202. If
the IMD 202 includes both a can electrode 222 and an indii-
ferent electrode 220, the electrodes 220 and 222 can be elec-
trically 1solated from each other.

The heart 206 includes several physiological structures,
including a right atrial chamber 210, a right ventricle 212, left
atrial chamber 214, and leit ventricle 216. The lead system
204 can be implanted 1nto the coronary sinus using various
techniques. One such technique, as illustrated i FIG. 2,
involves creating an opening in a percutaneous access vessel
such as the left subclavian or left cephalic vein. The pacing
lead can be guided into the right atrial chamber 210 of the
heart via the superior vena cava. From the right atrial chamber
210, the lead system 204 can be sent into the coronary sinus
ostium. The ostium 1s the opening of a coronary sinus 218 into
the right atrial chamber 210. The lead system 204 can be
guided through the coronary sinus 218 to a coronary vein of
the left ventricle 216. A distal end of the lead system 204 can
be lodged 1nto the coronary vein.

The lead system 204 can be used to provide pacing signals
to the heart 206, detect electric cardiac signals produced by
the heart 206, sense blood oxygen saturation, and can also be
used to provide electrical energy to the heart 206 under cer-
tain predetermined conditions to treat cardiac conditions,
such as arrhythmias. The lead system 204 can include one or
more electrodes used for pacing, sensing, and/or defibrilla-
tion. In the example shown 1n FIG. 2, the lead system 204
includes an intracardiac right ventricular (RV) lead system
224, an intracardiac right atrial (RA) lead system 226, an
intracardiac left ventricular (LV) lead system 228, and an
extracardiac left atrial (LA) lead system 230. The lead system
204 can be used for therapy based on electromechanical tim-
ing methodologies. Other leads and/or electrodes can addi-
tionally or alternatively be used.

The lead system 204 can include intracardiac leads 224,
226, 228 implanted 1n a human body with portions of the
intracardiac leads 224, 226, 228 inserted into the heart 206.
The intracardiac leads 224, 226, 228 include one or more
clectrodes positionable within the heart 206 for sensing elec-
trical activity of the heart 206 and for delivering electrical
stimulation energy to the heart 206, for example, pacing
pulses and/or defibrillation shocks to treat various arrhyth-
mias.
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The lead system 204 can also include one or more extra-
cardiac leads 230 having electrodes, e.g., epicardial elec-
trodes or sensors 232 and 234, positioned at locations outside
the heart 206 for sensing and/or pacing one or more heart
chambers.

Theright ventricular lead system 224 includes an SVC-coil

236, an RV-co1l 238, an RV-tip electrode 240, and an RV-ring
clectrode 242. The right ventricular lead system 224 extends
through the right atrium 210 and 1nto the right ventricle 212.
In particular, the RV-tip electrode 240, RV-ring electrode 242,
and RV-coil electrode 238 can be positioned at appropriate
locations within the right ventricle 212 for sensing and deliv-
ering electrical stimulation pulses to the heart. The SVC-coil
236 can be positioned at an appropriate location within the
right atrium chamber 210 of the heart 206 or a major vein

leading to the right atrial chamber 210.
In one configuration, the RV-tip electrode 240 referenced

to the can electrode 222 can be used to implement unipolar

pacing and/or sensing 1n the right ventricle 212. Bipolar pac-
ing and/or sensing in the right ventricle 212 can be imple-
mented using the RV-tip 240 and RV-ring 242 electrodes. In
yet another configuration, the RV-ring 242 eclectrode can
optionally be omitted and bipolar pacing and/or sensing can
be accomplished using the RV-tip electrode 240 and the RV-
coil 238, for example. The right ventricular lead system 224
can be configured as an integrated bipolar pace/shock lead.
The RV-co1l 238 and the SVC-coi1l 236 can be defibrillation
clectrodes.

The left ventricular lead 228 includes an LV distal elec-
trode 244 and an LV proximal electrode 246 located at appro-
priate locations in or about the left ventricle 216 for pacing
and/or sensing the left ventricle 216. The left ventricular lead
228 can be guided into the right atrium 210 of the heart via the
superior vena cava. From the right atrium 210, the left ven-
tricular lead 228 can be deployed ito the coronary sinus
ostium, the opening of the coronary sinus 218. The leit ven-
tricle lead 228 can be guided through the coronary sinus 218
to a coronary vein of the left ventricle 216. This vein can be
used as an access pathway for leads to reach the surfaces of
the left ventricle 216 which are not directly accessible from
the right side of the heart, and to sense blood oxygen levels in
the blood leaving the myocardium. Lead placement for the
left ventricular lead 228 can be achieved via subclavian vein
access and a preformed guiding catheter for msertion of the
LV electrodes 244 and 246 proximate to the left ventricle.

Unipolar pacing and/or sensing 1n the left ventricle 216 can
be implemented, for example, by using the LV distal elec-
trode 244 referenced to the can electrode 222. The LV distal
clectrode 244 and the LV proximal electrode 246 can be used
together as bipolar sense and/or pace electrodes for the left
ventricle 216. The left ventricular lead 228 and the right
ventricular lead 224, 1n conjunction with the IMD 202, can be
used to provide cardiac resynchronization therapy such that
the ventricles of the heart can be paced substantially simul-
taneously, or in phased sequence, to provide enhanced cardiac
pumping eificiency for patients suffering from various symp-
toms of heart failure.

The right atrial lead 226 includes a RA-tip electrode 248
and an RA-ring electrode 250 positioned at appropriate loca-
tions 1n the right atrtum 210 for sensing and pacing the right
atrium 210. In one configuration, the RA-tip electrode 248
referenced to the can electrode 222, for example, can be used
to provide unipolar pacing and/or sensing 1n the right atrium
210. In another configuration, the RA-tip electrode 248 and
the RA-ring electrode 250 can be used to provide bipolar
pacing and/or sensing.
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The left ventricular lead 228 can include a pressure trans-
ducer 252. The pressure transducer 252 can be a micro-elec-
trical-mechanical system (MEMS), for example. MEMS
technology uses semiconductor techniques to build micro-
scopic mechanical devices in silicon or similar materials. The
pressure transducer 252 can include a micromachined capaci-
tive or piezoresistive transducer exposed to the bloodstream.
Other pressure transducer technologies, such as resistive
strain gages can also be employed as a pressure transducer
252. The pressure transducer 252 can be coupled to one or
more conductors disposed along the length of the left ven-
tricular lead 228. The pressure transducer 252 can be inte-
grated with the left ventricular lead 228. Transducers such as
the pressure transducer 252 can be used to determine pulmo-
nary arterial (PA) pressure information useful for determining
clectromechanical delay (EMD) information.

FI1G. 3 1s a block diagram illustrating an implantable medi-
cal device (IMD) 202. The IMD 202 can be sutable for
therapy control based on electromechamical timing. The IMD
202 can be divided into functional blocks. It will be under-
stood by those skilled 1n the art that there exist many possible
configurations 1 which these functional blocks can be
arranged and that the example 1llustrated 1n FIG. 3 1s but one
possible arrangement. In addition, although the IMD 202
contemplates the use of a programmable microprocessor-
based logic circuit, other circuit implementations can be used.

The IMD 202 includes circuitry for receiving cardiac sig-
nals from a heart and delivering electrical stimulation energy
to the heart 1n the form of pacing pulses and/or defibrillation
shocks. In one embodiment, the circuitry of the PIMD 900
can be encased and hermetically sealed 1n a housing suitable
for implanting in a human body. Power to the IMD 202 can be
supplied by an electrochemical battery 300. A connector
block (not shown) can be attached to the housing of the IMD
202 to provide for the physical and electrical attachment of
the lead system conductors to the circuitry of the IMD 202.

The IMD 202 can be a programmable microprocessor-
based system, including a control system 302 and a memory
304. The memory 304 can store parameters for various pac-
ing, defibrillation, and sensing modes, along with other
parameters. Further, the memory 304 can store data indicative
ol signals received by other components of the IMD 202. The
memory 302 can be used, for example, for storing historical
EMT/EMD information, blood oxygen levels, blood flow
information, perfusion information, heart sounds, heart
movement, EGM, and/or therapy data. The historical data
storage can include, for example, data obtained from long-
term patient monitoring used for trending or other diagnostic
purposes. Historical data, as well as other information, can be
transmitted to an external programmer 306 as needed or
desired.

The control system 302 and memory 304 can cooperate
with other components of the IMD 202 to control the opera-
tions of the IMD 202. The control system 302 incorporates a
cardiac response classification processor 308 for classitying
cardiac responses to pacing stimulation. The control system
302 can include additional functional components including a
pacemaker control circuit 310, an arrhythmia detector 312, a
template processor 314 for cardiac signal morphology analy-
s1s, and a blood detector 316 configured to determine blood
perfusion, blood flow, and/or blood pressure based on one or
more sensors. The control system 302 can optionally, or addi-
tionally, include a mechanical cardiac activity detector 318
configured to detect mechanical cardiac activity using sensor
information from, for example, an accelerometer, a micro-
phone, a pressure transducer, impedance sensors, or other
motion or sound sensing arrangements.
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A telemetry circuitry 320 can be implemented to provide
communications between the IMD 202 and the external pro-
grammer 306. In an example, the telemetry circuitry 320 and
the programmer 306 communicate using a wire loop antenna
and a radio frequency telemetric link, to recerve and transmit
signals and data. In this manner, programming commands
and other information can be transferred to the control system
302 from the programmer 306 during and after implant. In
addition, stored cardiac data pertaining to EMT/EMD, cap-
ture threshold, capture detection and/or cardiac response
classification, for example, along with other data, can be
transferred to the programmer 306 from the IMD 202.

The telemetry circuitry 320 can also allow the IMD 202 to
communicate with one or more receiving devices or systems
situated external to the IMD 202. By way of example, the
IMD 202 can communicate with a patient-worn, portable or
bedside communication system via the telemetry circuitry
320. In one configuration, one or more physiologic or non-
physiologic sensors (subcutaneous, cutaneous, or external of
patient) can be equipped with a short-range wireless commu-
nication interface, such as an interface conforming to a known
communications standard, such as Bluetooth or IEFE 802
standards. Data acquired by such sensors can be communi-
cated to the IMD 202 via the telemetry circuitry 320. It 1s
noted that physiologic or non-physiologic sensors equipped
with wireless transmitters or transceirvers can communicate
with a recerving system external of the patient. The external
sensors 1n communication with the IMD 202 can be used to
determine electromechanical timing and/or delays 1n accor-
dance with embodiments of the present invention.

As 1llustrated 1n FI1G. 2 and reproduced 1n FIG. 3, one or
more leads can be coupled to the IMD 202 to provide for
sensing and therapy. In the example illustrated 1n FIG. 3, the
clectrodes include: RA-tip 248, RA-ring 250, RV-tip 240,
RV-ring 242, RV-co1l 238, SVC-co1l 236, LV distal electrode
244, LV proximal electrode 246, LA distal electrode 234, LA
proximal electrode 232, indifferent electrode 220, and can
clectrode 222 can be coupled through a switch matrix 322 to
sensing circuits 324, 326, 328, 330, and 332.

A right atnal sensing circuit 324 serves to detect and
amplily electrical signals from the right atrtum of the heart.
Bipolar sensing in the right atrium can be implemented, for
example, by sensing voltages developed between the RA-tip
248 and the RA-ring 250. Unipolar sensing can be imple-
mented, for example, by sensing voltages developed between
the RA-tip 248 and the can electrode 222. Outputs from the
right atrial sensing circuit 324 can be coupled to the control
system 302.

A right ventricular sensing circuit 326 serves to detect and
amplily electrical signals from the right ventricle of the heart.
The right ventricular sensing circuit 326 can include, for
example, a right ventricular rate channel 334 and a right
ventricular shock channel 336. Right ventricular cardiac sig-
nals sensed through use of the RV-tip 240 electrode can be
right ventricular near-field signals and can be denoted RV rate
channel signals. A bipolar RV rate channel signal can be
sensed as a voltage developed between the RV-tip 240 and the
RV-ring 242. Alternatively, bipolar sensing 1n the right ven-
tricle can be implemented using the RV-tip electrode 240 and
the RV-coil 238. Unipolar rate channel sensing in the right
ventricle can be implemented, for example, by sensing volt-
ages developed between the RV-t1ip 240 and the can electrode
222,

Right ventricular cardiac signals sensed through use of the
RV-coil electrode 238 can be far-field signals, also referred to
as RV morphology or RV shock channel signals. More par-
ticularly, a right ventricular shock channel signal can be
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detected as a voltage developed between the RV-coi1l 238 and
the SVC-coil 236. A right ventricular shock channel signal
can also be detected as a voltage developed between the
RV-coil 238 and the can electrode 222. In another configura-
tion the can electrode 222 and the SVC-coil electrode 236 can
be electrically shorted and a RV shock channel signal can be
detected as the voltage developed between the RV-coil 238
and the can electrode 222/SVC-coil 236 combination.

Lett atrial cardiac signals can be sensed through the use of
one or more left atrial electrodes 232, 234, which can be
configured as epicardial electrodes. A left atrial sensing cir-
cuit 328 serves to detect and amplify electrical signals from
the left atrium of the heart. Bipolar sensing and/or pacing in
the left atrtum can be implemented, for example, using the LA
distal electrode 234 and the LA proximal electrode 232. Uni-
polar sensing and/or pacing of the left atrium can be accom-
plished, for example, using the LA distal electrode 234 to can
clectrode 222 or the LA proximal electrode 232 to can elec-
trode 222.

A left ventricular sensing circuit 330 serves to detect and
amplify electrical signals from the leit ventricle of the heart.
Bipolar sensing in the left ventricle can be implemented, for
example, by sensing voltages developed between the LV dis-
tal electrode 244 and the LV proximal electrode 246. Unipolar
sensing can be implemented, for example, by sensing volt-
ages developed between the LV distal electrode 244 or the LV
proximal electrode 246 and the can electrode 222. Optionally,
an LV coil electrode (not shown) can be imnserted into the
patient’s cardiac vasculature, e.g., the coronary sinus, adja-
cent the left heart. Signals detected using combinations of the
LV electrodes, 244, 246, LV coil electrode (not shown), and/
or can electrode 222 can be sensed and amplified by the left
ventricular sensing circuitry 330. The output of the left ven-
tricular sensing circuit 330 can be coupled to the control
system 302.

The evoked response sensing circuit 332 serves to sense
and amplily voltages developed using various combinations
ol electrodes for cardiac response classification.

One or more of the sensing circuits 324, 326, 328, 330, 332
can include a sense amplifier (not shown), which receives

intrinsic heart signals that include electrical depolarizations
corresponding to heart contractions. The sense amplifier can
detect such 1input heart depolarizations and provide an output
clectrical signal to the control system 302 or other portions of
the IMD 202. In an example, the sense amplifier also includes
filtering or other signal processing circuits for detecting the
desired electrical depolarizations associated with heart con-
tractions. The IMD 202 can also include an analog-to-digital
(A/D) converter (not shown), which receives the sensed elec-
trical depolarization signals and provides an output digital
representation thereof. In an example, the A/D converter
includes associated sample and hold circuits for sampling the
clectrical signal output by sense amplifier. A peak detector
(not shown) can recerve the digitized signal from A/D con-
verter and detect signal peaks associated with heart contrac-
tions. These signal peaks can include R-waves 1n the QRS
complexes associated with ventricular heart contractions. Itis
understood that the disclosed structure and techniques can
also be used to detect atrial heart contractions using P-waves
associated with atrial depolarizations.

The peak detector can output information about the timing,
of each R-wave to a heart iterval extraction module (not
shown). Based on this information, the heart rate interval
extraction module provides a discrete-time signal that can be
periodically sampled, e.g., the time difference between such
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samples can be uniform. Each such sample includes an asso-
ciated time interval (*heart rate interval”) corresponding to

the detected heart rate.

The pacemaker control 310 located within the control sys-
tem 302 communicates pacing signals to the RV-tip and RA-
tip electrodes 240 and 248, respectively, according to a pre-
established pacing regimen under approprniate conditions.
Control signals, developed 1n accordance with a pacing regi-
men, can be mitiated in the pacemaker control 310 transmit-
ted to one or more pacing circuits: right atrial pacing circuit
334, left atnal pacing circuit 336, left ventricular pacing
circuit 338, and right ventricular pacing circuit 340. In an
example, pacing pulses may be provided to the right ventricle
by the right ventricular pacing circuit 338, and/or to the right
atrium by the right atrial pacing circuit 334.

Cardioversion or defibrillation control signals may be
developed 1n the control system 302 to mnitiate a high energy
pulse. High energy cardioversion or defibrillation pulses can
be generated by the defibrillator pulse generator 342 in
response to detection of fibrillation or tachycardia. The high
energy cardioversion or defibrillation pulses can be directed
through the leads to the right ventricle, for example, to termi-
nate ventricular tachycardia or ventricular fibrillation.

Case Study

A study was conducted that analyzed various heart rate
variability (HRV) measures during a controlled coronary
artery occlusion of a test animal. Physiological data was
collected pre and post-occlusion. The data included left ven-
tricular pressures, heart sounds, and -electrocardiogram
(ECG) recordings. The left ventricular (LV) pressures were
obtained using an invasive catheter, and the heart sounds were
obtained using a surface accelerometer. From the ECG, R
peaks were detected. These R peaks were used to identify RR
intervals, which were then measured. The RR intervals were
parsed into five-minute epochs and analyzed using twenty-
three HRV metrics, which comprised a wide variety of time
domain, frequency domain, time-frequency domain, and non-
linear metrics.

Specifically, the twenty-three variability metrics included
eleven time domain metrics: mean, median, standard devia-
tion of normal-to-normal beats (SDNN), inter-quartile range
ol normal-to-normal beats (IQRNN), coeificient of vanation
(CV), standard deviation of successive differences (SDSD),
inter-quartile range of successive differences (IQRSD), nor-
malized IQRSD (NIQRSD), root-mean-square of successive
differences (RMSSD), coellicient of variation for successive
differences (CVS) and percentage of differences between
adjacent normal-to-normal intervals that are >50 msec
(pNN50); four frequency domain metrics: power 1n the high-
and low-frequency range (HF, LF), power ratio (LF/HF), and
total power; three time-frequency metrics: high- and low-
frequency wavelet power (HFW, LFW) and power ratio
(LEFW/HFW); and five nonlinear metrics: approximate
entropy (ApEn), X-Y scatter from Poincare plot (SigXY),
fractal dimension (FD), and detrended fluctuation analysis
(DEA1 and DFA2).

The R peaks were also used to cue hemodynamic measure-
ments from LV pressures and heart sounds. The LV pressure
signal was first parsed using the R wave markers to extract
individual beats. Each beat was then differentiated to generate
the LV dP/dT signal. Using a 200 ms window starting after the
R peak location, the max value of the LV dP/dT (max dP/dT)
was extracted. Max dP/dT can be used as the reference mea-
sure to quantily the reduction 1in LV performance (contractil-
ity) due to 1schemia.
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The R peaks were also used to parse the heart sounds
signal. First each heart sound beat was obtained using the R
peak marker. Each wavelorm was then filtered with a band-
pass filter with cut-oif frequencies between 20 Hz and 90 Hz.
A 250 ms window after the R peak was used to measure the
candidate S1 peaks. A dynamic programming-based tracking
algorithm was then used to measure the largest, most consis-
tent S1 peak for the duration of the study.

A representative dataset can be presented to show an
example of the relationships between the different parameters
(e.g., RR mterval, max dP/dT and S1 amplitude) and certain
variability metrics. FI1G. 4 1s a group of graphs illustrating the
max dP/dT, RR interval, and S1 amplitude along with the two
non-linear variability metrics of RR interval and S1 ampli-
tude. The variability metrics shown appear to be the most
predictive of changes 1n LV performance (max dP/dT) due to
ischemia. During the course of the study, the max dP/dT
decreased; dropping significantly post occlusion. The balloon
inflation occlusion resulted 1n a reflex increase 1n contractil-
ity, possibly due to the autonomic compensatory mecha-
nisms. The increase in contractility was also retflected in
changes 1n the RR 1nterval and the S1gXY derived from RR
intervals. Periods immediately after the balloon inflation had
relatively higher S1gXY, possibly due to an autonomic retlex.

During the 1schemia protocol the LV contractility, as mea-
sured by the max dP/dT, reduced on an average by 18.5%. No
consistent relationship was found between the 1schemic mass
measured during necropsy and the change in max dP/dT. To
evaluate changes due to 1schemia the change in max dP/dT
was used as the reference for the LV contractility change.

The twenty-three metrics referred to above were measured
for the RR 1ntervals from all five-minute epochs during the
protocol. The metrics were analyzed before and after occlu-
sion and the change in these metrics was compared to the
change in max dP/dT. Many of the variability metrics were
well correlated to the change in max dP/dT. FIG. 5 1s a group
ol scatterplots that illustrate an example of the relationships
between changes 1n selected HRV metrics and changes in
max dP/dT. FIG. 6 1s a table illustrating relationships between
RR interval-based variability metrics, contractility vanability
metrics, and max dP/dT. While linear measures of RR inter-
vals showed moderate correlation with max dP/dT (r~0.7),
some of the nonlinear measures, such as the X-Y spread from
a Poincare plot (SigXY) of RR intervals, showed a higher
correlation with max dP/dT (r=-0.92). Referring again to
FIG. §, the scatterplots highlight that while the RR 1ntervals
may not be highly correlated to changes in contractility dur-
ing 1schemia, the varnability parameters (e.g., SigXY) can
provide additional predictive information.

The twenty-three metrics referred to above were also mea-
sured for the S1 amplitude for all five-minute epochs during
the protocol. The change 1n these metrics before and after
occlusion was then compared to the change in max dP/dT
during the corresponding periods. FIG. 7 1s a group of scat-
terplots that illustrate an example of the relationships
between changes 1n selected S1 varnability metrics and
changes in max dP/dT. Referring again to FI1G. 6, examples of
all the relationships between changes 1n S1 interval based
variability metrics and max dP/dT 1s shown. It was observed
that while there was a mild correlation between the change in
S1 amplitude-based metrics and the change 1n max dP/dT, at
least one of the nonlinear measures, ¢.g., the ApEn of the S1
amplitude, was highly correlated (r=0.96) with the change 1n
contractility due to 1schemia.

As discussed, multiple linear and non-linear variability
metrics of RR interval and S1 amplitude can be used for

1schemia detection. Changes in HRV (S1gXY) and S1 (ApEn)
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can be highly correlated to changes in LV contractility, as
measured by max dP/dT, during a balloon occlusion protocol.

These findings may be related to changes in the autonomic
tone during an 1schemic event as a mechanism to compensate
for the increased cardiac stress. The variability, as calculated
by nonlinear measures, of signals from two noninvasive sen-
sors, ECG and phonocardiogram, can be highly correlated to
the changes of LV pressure.

Example Operations

FIG. 8 1s a flow chart illustrating a method 800 for produc-
ing an indication of cardio-vasculature health. At 802, a mea-
sure of cardiac contractility can be obtained. Cardiac contrac-
tility can be obtained 1n various ways. In an example, the
measure of cardiac contractility can be obtained by measur-
ing at least one of a heart sound, a pulmonary artery pressure,
a coronary venous pressure, a left ventricular pressure, a right
ventricular pressure, or a timing interval.

At 804, a cardiac contractility variability (CCV) can be
determined from the measure of cardiac contractility. Vari-
ability can be determined over various time intervals, such as
a five-minute epoch, a twenty-minute epoch, or by larger
intervals such as hourly, daily, weekly, monthly, and the like.

In an example, the CCV can be determined by using a time
domain variability parameter to measure cardiac contractility
variability. Time domain parameters can include mean,
median, standard deviation of normal-to-normal beats
(SDNN), inter-quartile range of normal-to-normal beats
(IQRNN), coetlicient of variation (CV), standard deviation of
successive differences (SDSD), inter-quartile range of suc-
cessive  differences (IQRSD), normalized IQRSD
(NIQRSD), root-mean-square ol successive differences
(RMSSD), coellicient of variation for successive differences
(CVS) and percentage of differences between adjacent nor-
mal-to-normal intervals that are >50 msec (pNN50), along
with other parameters that are a function of time.

In an example, the CCV can be determined by using a
frequency domain variability parameter to measure cardiac
contractility vanability. Frequency domain parameters can
include power in the high- and low-trequency range (HF, LF),
power ratio (LF/HF), and total power, along with other
parameters that are a function of frequency.

In an example, the CCV can be determined by using a
time-irequency domain variability parameter to measure car-
diac contractility variability. Time-frequency domain param-
eters can include high- and low-frequency wavelet power
(HFW, LFW) and power ratio (LFW/HFW), along with other
parameters that are a function of time and frequency.

In an example, the CCV can be determined by using a
nonlinear variability parameter to measure cardiac contrac-
tility variability. Nonlinear variability parameters include
approximate entropy (ApEn), X-Y scatter from Poincare plot
(S1gXY), fractal dimension (FD), and detrended fluctuation
analysis (DFA 1 and DFA?2), along with other parameters that
are not included 1n the time, frequency, and time-frequency
parameters. In a further example, using the parameter from
the class of nonlinear variability parameters includes measur-
ing an approximate entropy (ApEn) of an S1 amplitude.

In an example, determining the cardiac contractility vari-
ability can be performed using a time period to provide a
variability measurement. In an example, the time period can
be an epoch having a duration of thirty seconds to twenty-four
hours. In a specific example, the time period can be a five-
minute epoch. In additional examples, other periodic inter-
vals can be used, such as a daily, monthly, quarterly period, or

the like.
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Analyzing the cardiac contractility variability can include
trending the vanability measurement to provide a trended
variability measurement. The trended variability measure-
ment can then be compared to a threshold value to provide a
comparison and using the comparison, a cardiac state can be
detected. In an example, a baseline value can be used in the
comparison. The baseline value can be used in place of or 1n
addition to a threshold value. For example, the lesser of a
baseline value and a threshold value can be used 1n the com-
parison. As another example, a mathematical function relat-
ing a baseline value and a threshold value can be used, such as
the average of the two values. The baseline value can be
established using an individual patient history, a patient popu-
lation, a clinical study, general acknowledgement 1n a medi-
cal community of acceptable or target values, or the like.

At 806, the CCV can be analyzed to provide an indication
of cardio-vasculature health. In an example, the indication of
cardio-vasculature health can be related to an 1schemic car-
diac state. For example, a higher amount of variability can be
associated with a healthier cardiac state. Conversely, a low
CCV can be indicative of an 1schemic cardiac state. Thresh-
olds, filters, trending, and other methods can be used to detect
a particular indication of cardio-vasculature health based on a
particular CCV value.

In an example, trending of the CCV can be performed
independent from analysis of the trended data. For example,
CCYV can be trended over one or more periods and then the
trended data can be provided to a person, a system or a
process. The trended CCV can then be used 1n various ways,
such as by a clinician to evaluate the progression of a disease
state, or by researchers to nvestigate correlations between
cardiac contractility variability and other cardio-vasculature
conditions.

In a further example, after determining the cardiac contrac-
tility variability, at least one of: a CRT timing parameter, a
lead position, or an electrical position can be adjusted. The
contractility variability can be measured again after the
adjustment and can then be continually adjusted to increase
the cardiac contractility variability. A decrease in CCV can be
correlated with a general worsening of heart failure. How-
ever, 1n the case where a person 1s experiencing a higher-than-
normal CCYV, decreasing CCV can be used to adjust the per-
son’s CCV toward normal levels. Thus, although an example
includes adjustments to increase CCV, 1t 1s understood that
alter determining the CCV, continual adjustments to one or
more of a CRT timing parameter, a lead position, or an elec-
trical position can be made to raise or lower CCV 1n order to
achieve a normal or target CCV.

In addition, or in the alternative, other therapies can be
adaptively adjusted based on one or more CCV measure-
ments over time. For example, drug therapy, exercise therapy,
or the like can be adjusted to improve CCV (either increase or
decrease CCV to bring to a normal or target level).

In a further example, the cardiac contractility variability
can be normalized by the measure of cardiac contractility. In
a Turther example, the cardiac contractility variability can be
normalized by an associated heart rate. By normalizing be
either cardiac contractility of heart rate, or both, comparisons
can be made easier and more accurate.

FI1G. 9 15 a flow chart illustrating a method 900 for manag-
ing a patient device. At 902, one or more measurements can
be mitiated. For example, heart sounds and an ECG can be
obtained using internal or external devices. The ECG signal
can be parsed to obtain R wave markers, which can then be
used to extract individual beats 1n the heart sounds signal.
Each beat can then be differentiated to generate an LV dP/dT
signal. This provides a measurement of contractility from

10

15

20

25

30

35

40

45

50

55

60

65

18

beat-to-beat. At 904, one or more pacing parameters can be
set. Pacing parameters include, but are not limited to, param-

cters for various pacing, defibrillation, and sensing modes.
For example, in the context of a pacing device, various param-
eters such as pacing amplitude, pacing rate, and pulse width
can be configured or adjusted by a clinician or other care
provider. At 906, cardiac contractility variability (CCV) can
be determined. In an example, CCV can be determined by
measuring approximate entropy of the S1 amplitude. In an
example, CCV can be determined using the method 800, as
described above. At 908, it can be determined whether the
CCV 1s optimal or improving. If the CCV 1s not optimal, or at
least improving, then the method 900 returns to block 904 to
modily pacing parameters and the method 900 flows through
to evaluate the CCV again at block 906. While pacing param-
eters are described with respectto FI1G. 9, 1t 1s understood that
any modification to a patient’s device can be performed at
block 904, such as lead repositioning or electrical reposition-
ing, in an effort to optimize CCV. As an example, multiple
sets of pacing parameters can be developed and used over
time, tracking the effectiveness of each set as 1t 1s used and
modifying pacing parameters to increase or optimize CCV,

Example Machine Architecture

FIG. 10 1s a block diagram of machine 1in the example form
of a computer system 1000 within which a set of instructions,
for causing the machine to perform any one or more of the
methodologies discussed herein may be executed. In alterna-
tive examples, the machine operates as a standalone device or
may be connected (e.g., networked) to other machines. In a
networked deployment, the machine may operate in the
capacity of a server or a client machine 1n server-client net-
work environment, or as a peer machine in a peer-to-peer (or
distributed) network environment. The machine may be a
server computer, a client computer, a personal computer
(PC), a tablet PC, a Personal Digital Assistant (PDA), a cel-
lular telephone, a web appliance, a device programmer, a
repeater, or any machine capable of executing a set of instruc-
tions (sequential or otherwise) that specily actions to be taken
by that machine. Further, while only a single machine 1s
illustrated, the term “machine” shall also be taken to include
any collection of machines that individually or jointly execute
a set (or multiple sets) of instructions to perform any one or
more of the methodologies discussed herein.

The example computer system 1000 includes a processor
1002 (e.g., a central processing unit (CPU) a graphics pro-
cessing unit (GPU) or both), a main memory 1004 and a static
memory 1006, which communicate with each other via a bus
1008. The computer system 1000 may further include a video
display 1010 (e.g., a liquid crystal display (LCD) or a cathode
ray tube (CRT)). The computer system 1000 also includes an
alphanumeric mput device 1012 (e.g., a keyboard), a user
interface navigation device 1014 (e.g., a mouse), a disk drive
umt 1016, a signal generation device 1018 (e.g., a speaker)
and a network 1nterface device 1020.

The disk drive unit 1016 includes a machine-readable
medium 1022 on which 1s stored one or more sets of mnstruc-
tions (e.g., soltware 1024) embodying any one or more of the
methodologies or functions described herein. The software
1024 may also reside, completely or at least partially, within
the main memory 1004 and/or within the processor 1002
during execution thereof by the computer system 1000, the
main memory 1004 and the processor 1002 also constituting
machine-readable media. The soitware 1024 may further be
transmitted or recerved over a network 1026 via the network
interface device 1020.
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While the computer system 1000 1s shown with a processor
1002, 1t 1s understood that the systems and methods described

herein can be implemented on one or more processors on one
or more computer systems, including but not limited to a
multi-processor computer (€.g., two or more separate proces-
sors or two or more cores 1n a single processor), a multi-
computer system (e.g., a distributed computing environ-
ment), or a mixture of single-processor and multi-processor
computers in a distributed fashion.

While the machine-readable medium 1022 1s shown 1n an
example embodiment to be a single medium, the term
“machine-readable medium™ should be taken to include a
single medium or multiple media (e.g., a centralized or dis-
tributed database, and/or associated caches and servers) that
store the one or more sets of instructions. The term “machine-
readable medium™ shall also be taken to include any medium
that 1s capable of storing, encoding or carrying a set ol instruc-
tions for execution by the machine and that cause the machine
to perform any one or more of the methodologies of the
present mmvention. The term “machine-readable medium”
shall accordingly be taken to include, but not be limited to,
tangible media, such as solid-state memories, optical, and
magnetic media.

Additional Notes

The above detailed description includes references to the
accompanying drawings, which form a part of the detailed
description. The drawings show, by way of 1illustration, spe-
cific embodiments 1n which the invention can be practiced.
These embodiments are also referred to herein as “examples.”
Such examples can include elements 1n addition to those
shown and described. The above description 1s intended to be
illustrative, and not restrictive. For example, the above-de-
scribed examples (or one or more aspects thereol) may be
used 1n combination with each other. Other embodiments can
be used, such as those identified by one of ordinary skill 1n the
art upon review of the above description.

All publications, patents, and patent documents referred to
in this document are incorporated by reference herein in their
entirety, as though individually incorporated by reference. In
the event of 1nconsistent usages between this document and
those documents so 1ncorporated by reference, the usage in
the mcorporated reference(s) should be considered supple-
mentary to that of this document; for irreconcilable 1nconsis-
tencies, the usage in this document controls.

In this document, the terms “a” or “an” are used, as 1s
common 1n patent documents, to include one or more than
one, independent of any other instances or usages of “at least
one’ or “one or more.” In this document, the term “or’ 1s used
to refer to a nonexclusive or, such that “A or B” includes “A
but not B,” “B but not A.” and “A and B,” unless otherwise
indicated. In the appended claims, the terms “including” and
“mn which™ are used as the plain-English equivalents of the
respective terms “‘comprising” and “wherein.” Also, i the
tollowing claims, the terms “including” and “comprising” are
open-ended, that 1s, a system, device, article, or process that
includes elements 1n addition to those listed after such a term
in a claim are still deemed to fall within the scope of that
claim. Moreover, 1n the following claims, the terms “first,”
“second,” and “third,” etc. are used merely as labels, and are
not mtended to impose numerical requirements on their
objects.

The Abstract 1s provided to comply with 37 CFR. §1.72
(b), to allow the reader to quickly ascertain the nature of the
technical disclosure. It 1s submitted with the understanding,

that 1t will not be used to interpret or limit the scope or
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meaning of the claims. Also, in the above Detailed Descrip-
tion, various features may be grouped together to streamline
the disclosure. This should not be interpreted as intending that
an unclaimed disclosed feature 1s essential to any claim.
Rather, inventive subject matter may lie 1n less than all fea-
tures of a particular disclosed embodiment. Thus, the follow-
ing claims are hereby incorporated into the Detailed Descrip-
tion, with each claim standing on its own as a separate
embodiment. The scope of the mvention should be deter-
mined with reference to the appended claims, along with the
tull scope of equivalents to which such claims are entitled.

What 1s claimed 1s:

1. A system, comprising:

a non-transitory machine-readable medium; and

one or more processors communicatively coupled to the

machine-readable medium, the machine-readable
media including instructions, which when executed by
the one or more processors, cause the one or more pro-
cessors to:

obtain a measure of cardiac contractility;

calculate a cardiac contractility variability from the mea-

sure of cardiac contractility, the cardiac contractility
variability being a statistical measure of dispersion of
the cardiac contractility;

analyze the cardiac contractility variability to provide an

indication of cardio-vascular health:

after determining the cardiac contractility vanability,

adjust at least one of: a CRT timing parameter of an
implantable medical device or an electrical position at
which electrical therapy 1s delivered;

measure the contractility variability after the adjusting; and

continue to adjust in a closed-loop feedback manner to

increase the cardiac contractility variability.

2. The system of claim 1, wherein the instructions to obtain
the measure of cardiac contractility comprise instructions to:

obtain a measure at least one of a heart sound, a pulmonary

artery pressure, a coronary venous pressure, a left ven-
tricular pressure, a right ventricular pressure, or a timing,
interval to provide the measure of cardiac contractility.

3. The system of claim I, wherein the instructions to deter-
mine the cardiac contractility variability comprise instruc-
tions to:

use a time domain variability parameter to measure cardiac

contractility variability.

4. The system of claim 1, wherein the instructions to deter-
mine the cardiac contractility variability comprise mnstruc-
tions to:

use a frequency domain variability parameter to measure

cardiac contractility variabaility.

5. The system of claim 1, wherein the 1nstructions to deter-
mine the cardiac contractility variability comprise mnstruc-
tions to:

use a time-frequency domain variability parameter to mea-

sure cardiac contractility variability.

6. The system of claim 1, wherein the 1nstructions to deter-
mine the cardiac contractility variability comprise instruc-
tions to:

use a nonlinear variability parameter to measure cardiac

contractility variability.

7. The system of claim 6, wherein the instructions to use the
parameter from the class of nonlinear variability parameters
comprise 1mstructions to:

measure an approximate entropy (ApEn) of an S1 ampli-

tude.

8. The system of claim 1, wherein the instructions to deter-
mine the cardiac contractility variability are performed using,
a time period to provide a variability measurement and




US 8,951,203 B2

21

wherein the 1nstructions to analyze the cardiac contractility
variability comprise istructions to:

trend the variability measurement to provide a trended

variability measurement;

compare the trended varniability measurement to a thresh-

old value to provide a comparison; and

use the comparison to detect a cardiac state.

9. The system of claim 1, wherein the machine-readable
medium includes instructions, which when executed by the
one or more processors, cause the one or more processors to:

normalize the cardiac contractility variability by the mea-

sure of cardiac contractility.

10. The system of claim 1, wherein the machine-readable
medium includes instructions, which when executed by the
one or more processors, cause the one or more processors to:

normalize the cardiac contractility variability by an asso-

ciated heart rate.
11. A method, comprising:
obtaining a measure of cardiac contractility using a sensor;
calculating by a processor-based device a cardiac contrac-
tility variability from the measure of cardiac contractil-
ity, the cardiac contractility variability being a statistical
measure of dispersion of the cardiac contractility;

analyzing, at the processor-based device, the cardiac con-
tractility variability to provide an indication of cardio-
vascular health;

presenting, via the processor-based device, the indication
of cardio-vascular health to a user:
after determining the cardiac contractility variability,
adjusting at least one of: a CRT timing parameter of an
implantable medical device, a lead position, or an elec-
trical position at which electrical therapy 1s delivered;

measuring the contractility variability after the adjusting;
and

continuing adjusting in a closed-loop feedback manner to

increase the cardiac contractility variability.

12. The method of claim 11, wherein obtaining the measure
of cardiac contractility comprises:

obtaining a measure at least one of a heart sound, a pulmo-

nary artery pressure, a coronary venous pressure, a left
ventricular pressure, a right ventricular pressure, or a
timing 1nterval to provide the measure of cardiac con-

tractility.
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13. The method of claim 11, wherein determining the car-
diac contractility variability comprises:
using a time domain variability parameter to measure car-

diac contractility variability.
14. The method of claim 11, wherein determining the car-
diac contractility variability comprises:
using a frequency domain variability parameter to measure
cardiac contractility varnability.
15. The method of claim 11, wherein determining the car-
diac contractility variability comprises:
using a time-frequency domain variability parameter to
measure cardiac contractility vanability.
16. The method of claim 11, wherein determining the car-
diac contractility variability comprises:
using a nonlinear variability parameter to measure cardiac

contractility variability.

17. The method of claim 11, wherein determining the car-
diac contractility variability 1s performed using a time period
to provide a variability measurement and wherein analyzing
the cardiac contractility variability comprises:

trending the variability measurement to provide a trended

variability measurement;

comparing the trended variability measurement to a thresh-

old value to provide a comparison; and

using the comparison to detect a cardiac state.

18. A method comprising:

measuring cardiac contractility based on a plurality of car-

diac cycles sensed by a sensor;

calculating, by a process-based device, cardiac contractil-
ity variability from the measured cardiac contractility,
the cardiac contractility variability being a statistical
measure of dispersion of the cardiac contractility;

identifying a target cardiac contractility variability value;
and

adjusting at least one of: a CRT timing parameter of an
implantable medical device, a lead position, or an elec-
trical position at which electrical therapy 1s delivered,
based on the cardiac contractility variability, to adjust
the cardiac contractility variability toward the target car-
diac contractility variability value.
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